The centrosomal protein ␥-tubulin is part of a ringshaped complex that can induce microtubule polymerization. This complex may explain how the centrosome nucleates microtubule polymerization, and thereby organizes the microtubule cytoskeleton.
Microtubules are complex polymers of tubulin, which is itself a heterodimer of ␣-and ␤-tubulin. The tubulin subunits are assembled in head-to-tail fashion into protofilaments, which are arranged in parallel to form the microtubule wall. This arrangement of the intrinsically polar tubulin subunits imparts polarity to the microtubule. In vitro, this polarity is evident in the polymerization dynamics of the two microtubule ends; the rapidly growing end is defined as the plus end, the more slowly growing end is the minus end. Microtubule polymerization occurs spontaneously in the presence of a high concentration of tubulin, but microtubules can assemble at a considerably lower tubulin concentration from a preexisting microtubule end, or from a centrosome. In vivo, the tubulin concentration is such that most microtubules originate from the centrosome, and this results in an organized microtubule network. The microtubules that grow from the centrosome are oriented with their minus ends at the centrosome, giving the microtubule cytoskeleton a defined polarity. This polarity, combined with minus-end-directed and plus-end-directed microtubule motors, provides the basis for much of the cell's cytoplasmic organization (for review see [1] ).
The fundamental activity of the centrosome is to nucleate microtubule polymerization. The two simplest models for nucleation are that the centrosome either has templates for microtubule polymerization, to which subunits are added to grow a microtubule, or that it creates an environment that is favorable for microtubule polymerization, allowing polymerization to occur in the absence of a template. In vivo, most microtubule minus ends remain associated with the centrosome, so both models must include a mechanism for anchoring the microtubule minus ends to the centrosome. Two properties of centrosomes point to the template model. First, centrosomes nucleate a saturable number of microtubules, suggesting that there are discrete nucleating sites in the pericentriolar material [1] . And second, centrosomes are able to influence the lattice structure of microtubules. Under equivalent conditions in vitro, microtubules formed by spontaneous assembly most often have 14 protofilaments, whereas microtubules nucleated from a centrosome generally have 13 protofilaments [2] , suggesting that there is a centrosomal template that dictates microtubule structure.
Of the few known centrosome components, ␥-tubulin may hold the key to understanding microtubule nucleation. ␥-Tubulin was originally discovered as a suppressor of a ␤-tubulin mutation in Aspergillus nidulans [3] . ␥-Tubulin is related to, but distinct from, both ␣-and ␤-tubulin [4] , and is ubiquitous in eukaryotes [5, 6] . Unlike ␣-and ␤-tubulin, which are incorporated into microtubules, ␥-tubulin is found at the centrosome [5, 6] . The presence of ␥-tubulin at the centrosome, its genetic interaction with ␤-tubulin, and its sequence homology with ␣-and ␤-tubulin all led to a model in which ␥-tubulin forms the centrosomal microtubule template [5, 7] . Consistent with this hypothesis, immunoelectron microscopy revealed that ␥-tubulin is found in the pericentriolar material of the centrosome [5] , from which microtubules are nucleated [8] , and antibodies against ␥-tubulin block nucleation from the centrosome in vivo [9] . In addition to the centrosome-bound ␥-tubulin seen by microscopy, there is an approximately equal amount of cytoplasmic ␥-tubulin in animal cells [10] . This cytoplasmic ␥-tubulin is part of a large complex of proteins with a sedimentation coefficient of ~25 S [10] . In vitro studies, using extracts of Xenopus eggs, showed that this cytoplasmic ␥-tubulin complex is required for the formation of centrosomes from sperm centrioles [10, 11] .
The implication that ␥-tubulin is involved in microtubule formation was thus strong, but direct evidence was lacking. This has now been remedied by the purification of the cytoplasmic ␥-tubulin complex by Zheng et al. [12] . The ␥-tubulin complex was found to contain at least five proteins in addition to ␥-tubulin, and stoichiometric analysis suggested that each particle contains several molecules of ␥-tubulin. When the purified ␥-tubulin complex was examined in the electron microscope, it was found to be a ring-shaped structure with a diameter approximately the same as that of a microtubule. Could the ␥-tubulin ring complex (␥TuRC) be the template for microtubule nucleation? In support of this hypothesis, Zheng et al. [12] showed that the addition of purified ␥TuRC to a solution of tubulin dramatically increased the number of microtubules formed. Examination of microtubules grown in the presence of ␥TuRC revealed ring-shaped structures at one end of the microtubules. As evidence that this is likely to be the minus end of the microtubule, it was shown that the minus ends of microtubules formed in the presence of ␥TuRC had a reduced growth rate relative to the minus ends of microtubules formed in the absence of ␥TuRC. This suggests that the ␥TuRC is able not only to bind to the minus end, but to cap it as well.
These results strongly support the notion that ␥-tubulin, in the form of the ring complex, is involved in microtubule nucleation, but they also present a paradox. If cytoplasmic ␥-tubulin can nucleate microtubules in the presence of approximately physiological levels of tubulin, how is microtubule formation restricted to the centrosome in vivo? One possibility is that cytoplasmic nucleation is normally inhibited by the binding of an inhibitor to, or modification of, ␥TuRC, and that the inhibitor or modification was lost during the purification. The ␥TuRC would normally be active for nucleation only when this inhibitor or modification was removed at the centrosome. Another possibility is that nucleation in vivo requires additional components that are present at the centrosome, or requires a unique environment that is created at the centrosome.
How is the cytoplasmic form of ␥-tubulin related to the ␥-tubulin found at the centrosome? This question was at least partially answered by a beautiful study of the localization of ␥-tubulin in the centrosome by Moritz and coworkers [13, 14] . In these studies, tomographic electron microscopy was used to examine isolated centrosomes. By imaging the sample from many angles, this technique allows a three-dimensional reconstruction to be made. Centrosomes with and without associated microtubules were examined. In the pericentriolar material of centrosomes that lacked microtubules, ring structures were observed with a diameter approximately the same as that of microtubules and the cytoplasmic ␥TuRC [13] . Examination of centrosomes probed with anti-␥-tubulin antibodies revealed that ␥-tubulin colocalizes with these ring structures [14] . In centrosomes with attached microtubules, the ring structures were no longer visible [13] , but ␥-tubulin was detected at the ends of the microtubules [14] .
The existence of both cytoplasmic and centrosomal forms of ␥-tubulin raises several interesting questions. What is the cytoplasmic pool of ␥TuRC doing? One case where there is a known function for cytoplasmic ␥-tubulin is in the assembly of the centrosome following fertilization. In vitro experiments mimicking this process show that recruitment of cytoplasmic ␥-tubulin to the sperm midpiece is an essential step in the formation of a functional centrosome [10, 11] . Although it has not been tested directly in animal cells, it seems likely that there is exchange between the centrosomal and cytoplasmic pools of ␥-tubulin (Fig. 1) , and that this allows the centrosome to alter its nucleating capacity in response to intracellular or extracellular signals. For example, the nucleating capacity of the centrosome increases during mitosis [1] , and this is accompanied by increased ␥-tubulin staining of the centrosome [6, 15] , presumably reflecting the recruitment of cytoplasmic ␥-tubulin. The cytoplasmic pool of ␥TuRCs may also serve to cap microtubule minus ends that become detached from the centrosome (Fig. 1 ). An example of where this function might be important is in the mitotic spindle, where both microtubule minus ends and ␥-tubulin staining have been observed [15, 16] .
Finally, it remains to be determined exactly how the ␥TuRC stimulates microtubule assembly. Does the ␥TuRC act as a template upon which tubulin subunits are aligned in the appropriate configuration, or does it act to cap and stabilize the minus ends of microtubules, thereby inducing microtubule formation (Fig. 2) ? The experiments of Zheng et al. [12] do not resolve this question, because the induction of microtubule formation by the ␥TuRC occurred only at tubulin concentrations where spontaneous microtubules were forming [12] , albeit at a low level, allowing for the capping and stabilization possibility. One way of resolving this might be to determine the number of protofilaments in the microtubules induced with purified ␥TuRC. As described above, centrosomally nucleated microtubules differ in protofilament number from spontaneously assembled microtubules. If the ␥TuRC is truly the template, then microtubules that grow from it should resemble centrosomally nucleated microtubules. The fact that we can now ask and begin to answer such detailed questions about the mechanism of microtubule nucleation demonstrates how far we have come towards our goal of understanding centrosome function. (a) The ␥TuRC may act as a template for microtubule polymerization. (b) The ␥TuRC may capture spontaneously forming microtubules and stabilize them, thereby leading to microtubule formation. Note that this diagram is highly simplified and does not attempt to illustrate the true structure of either the microtubule or ␥TuRC.
